one week to dry formaldehyde gas generated by passing trioxane vapor over an acid catalyst bed. In these tests, formaldehyde concentrations ranged from 0.05 to 0.80 mL/m 3 • Reproducibility was excellent with relative standard deviations averaging 5.4% for five constant concentrations. The lower detection limit was determined to be 3.6 mL/m 3 -hr. In an occupational environment an 8-hr sample would be sufficient to detect compliance with the OSHA permissible exposure limit of 3 mL/m 3 ; in a residential environment a one-week sample would allow detection of 0.025 mL/m 3 for indoor air quality audits.
-2-I?lTRODUCTIOfl Formaldehyde (HCIIO) is a large-volume chemical used in the manufacture of building materials such as particleboard, plywood, fiberboard, and urea-formaldehyde foam (UFF) insulation. Recent concern that exposure to low levels of HCHO may cause a severe allergic response in 4 to 8% of the population (Gunby, 1980) , and that i t may be carcinogenic (UIOSH, 1981) , have prompted many investigations of HCllO levels in homes and office buildings.
A serious obstacle to investigations of IICIIO concentrations in indoor environments has been the lack of a simple, accurate, and inexpensive system for determining HCHO concentrations in air. At present, '. most sampling involves the use of water contained in bubblers_through which air is drawn by means of a pump and flow-control device. These samplers are bulky, initial operating and maintenance costs are high, and samples must be collected and shipped under refrigeration to prevent HCHO loss through evaporation.
We have developed a passive sampling device that relies on the principle of diffusion for collecting HCIIO. The sampler consists of a glass-fiber filter treated with nanso 3 which is contained in a glass vial. HCHO diffuses through the vial and reacts with nanso 3 to produce a stable addition product, sodium formaldehyde bisulfite. Passive sampling devices based on the laws of diffusion or permeation have already been shown to offer many advantages in sampling reactive gases in ambient air (Palmes et al., 1976; llcCammon and Woodfin, 1977; and Helms -3-et al., 1977) . Host importantly, they obviate the need for pumps and flow-control systems. They measure integrated pollutant concentrations in any dynamic atmospheric environment in which contaminant concentrations are varying (rtartin, 1981) . The JICHO sampler reported here is lightweight and small, can be operated by untrained personnel, and is very inexpensive, thus making it particularly attractive for use in indoor air quality audits.
THEORETICAL COlTSIDEP.ATIOUS
Fick's First Law of Diffusion has been used to describe the transport of a pollutant gas through a sampler tube open at one end (Palmes and Gunnison, 1973) . The authors derived an expression relating the quantity of pollutant gas transferred through the sampler to its ambient concentration and the time of exposure under the condition that the concentration of the pollutant gas is maintained at zero at the closed end of the tube. The expression is given as:
where ~ = quantity of gas transferred, pg n = di~fusion coefficient of the pollutant gas in air, The sampling devices were exposed to HCHO at five constant concentrations ranging from 0.05 to 0.8 mL/m 3 for one-week sampling periods.
Week long test-exposure periods were. chosen to duplicate the field operating conditions for which the samplers were designed. Test atmospheres of HOIO gas were produced with a generation system in which trioxane, the cyclic trimer of 11010, is decomposed over an acid catalyst to monomeric HCHO (Ceisling et al., 1981) . The apparatus for the exposure experiments is diagrammed in Figure 1 . Streams of dilute HCIIO gas of known concentration flowed in parallel through two cylindrical chambers 17.8 em in depth and 16.5 em in diameter, and then through pairs of midget bubblers in series. F.ach chamber contained five passive samplers allowing exposure of ten of the devices during each test run.
Atmospheric pressure in the chambers was maintained by a vent in the generation system, and flow rates, controlled by critical orifices, were maintained such that the total rate at which the five passive samplers in a chamber sampled HOIO was less than 5% of the total flow rate of the gas stream through the chamber. The temperature surrounding the
chambers was held between 19 and 22° C and the air inside was mixed by fan-type magnetic stirrers operated with compressed air. Reference bubbler samples were collected daily to monitor the concentration of HCHO in the gas stream emerging from the generation system (see Figure 1 ).
Following exposure, distilled water was added to the passive samplers to dissolve the sodium formaldehyde bisulfite formed on the filters. Either 5 or 10 mL was added using volumetric pipettes to produce aqueous HCHO concentrations in the range of 0.2 to 2.0 ~g/mL. The vials were gently shaken and the solutions centrifuged for 5 to 10 minutes to remove extraneous filter material. Four-mL aliquots of both the sample solutions and reference bubbler solutions were analyzed by the wet-chemical, spectrophotometric CTA method currently recommended by the national Institute of Occupational Safety and Health (fTIOSH, 1977) .
The concentration of the chromotropic acid reagent was increased from 1 to 5% to insure complete color development. The absorbance of the solutions were read on a Cary Hodel 219 spectrophotometer (Varian Instrument Division, Palo Alto, CA).
Aqueous HCIIO solutions were prepared and standardized following the procedure given by Uiksch et al., 1981 . At least five dilute HCJIO standard solutions and a distilled water blank were analyzed with each sample batch.
To investigate any effects that excess bisulfite may have had on the analytical method, flaHSo 3 -treated filters were placed in the dilute HCJIO standards and the solutions were then analyzed. no differences were observed i'n the slopes of standard curves generated with and without the filters and, therefore, standards were routinely analyzed -7-without the addition of treated filters.
RESULTS AND DISCUSSIOn
Results from the experiments described above allowed us to evaluate the performance of the passive samplers in relation to the theory of diffusion-based sampling, and provided the numerical constants necessary for field application. Data from the HCJ10 passive sampler exposure experiments are given in Table 1 and plotted as a calibration curve in The correlation coefficient for this expression was 0.999, indicating that the rate at which 11C110 was trapped by the NaHS0 3 -treated filters did not vary with concentration. It may be inferred, therefore, that the collection efficiency of the passive sampler for H010 is high enough to assure performance over a wide range of HCHO concentrations.
The slope of the regression line (0.291 pg HCIIO/(mL/m 3 )-hr) reflects the rate at which the device samples 11CHO in air. This rate can be converted -8-to the more familiar form of volume/time, thus allowing comparison with conventional air sampling methods that employ pumps. The sampling rate of the passive sampler reported here is 3.95 ± 0.17 cm 3 /min and is specific for the collection of 11010 in air and for the exact geometry of the device.
The lower detection limit of the passive sampler (and the described analytical method) is 3.6 (mi./m 3 )-hr. The device has been tested at exposures as high as 135 (mL/m3)-hrs and its capacity was not exceeded.
In its present configuration the passive monitor can detect ~025 mL/m 3 in a one-week sampling period, (appropriate for indoor air qual! ty audits in residential settings), and 3 mL/m 3 in an eight-hour sampling period, the legal permissible exposure limit for occupational environments (U.S. Occupational Safety and Health Administration, 1979 ).
An important requirement of any field sampling device is that it retain its capacity while being stored prior to exposure, and that the collected sample remain stable with no losses during storage and shipment after exposure. We performed tests to determine the pre-and post-exposure storage stability of the HCHO passive samplers for periods of one and two weeks. The data are presented in Tables 2 and 3 . For the pre-exposure stability studies, passive samplers were stored after preparation and then, on the day they were to be exposed, another set of samplers was also prepared. By exposing the two groups of passive sampling devices simultaneously, we were able to compare the performance of the stored samplers with samplers exposed immediately after preparation.
In the same manner, we compared the HCIIO present in samplers stored -9-· after exposure to that found on filters analyzed immediately after exposure. (These samples were also exposed to HCHO simultaneously).
The data show that passive samplers stored prior to exposure retained their ability to collect ncno. (Samplers analyzed after storage without HCIIO exposure gave a zero response.) no significant loss (within one standard deviation) of IIOIO was detected for samples stored after exposure.
The most important potential interferent to the sampling system describe here is water vapor since it plays a role in both the oxidation of bisulfite and the release of HCHO in indoor environments. Initial experiments using bisulfite-treated filters in a different sampling configuration have shown ncno collection to be unaffected at humidities as high as 85% RH (Geisling, 1980) . Further tests are necessary to confirm that the filters used in this sampler remain unaffected by humidity.
Other potential interferents to this measuring system include I phenols, some alcohols, and some aldehydes (especially acrolein) which have been identified as minor interferents to the CTA method (UIOSII, 1977) . It is unlikely that (with the exception of acrolein) any of these compounds will be trapped by the bisulfite-treated filters in the . i passive samplers.
To investigate any possible interference from acrolein, treated filters were spiked with 10 pg nato (in the form of sodium formaldehyde bisulfite) and various amounts of acrolein, and analyzed by the CTA method. no interference was detected for filters on which the amount of -10-acrolein was 10 times greater than that of formaldehyde.
Significant
(negative) interference was observed only when acrolein exceeded HCIIO by more than 50 times; however it is unlikely that acrolein would exceed HOIO to this degree in non-industrial indoor environments.
As part of a study to evaluate indoor air quality in . energyefficient houses in California, the passive samplers were used concurrently with bubbler samplers to measure IIOIO levels within some houses with passive-solar designs. In the field, passive samplers were uncapped and taped, open end down (to prevent dust accumulation), to inert surfaces. Bubbler samplers were collected in a refrigerated unit (Lin~ al., 1979) at flow rates between 150 and 250 cm 3 /min. All samples were taken over one-week periods in occupied houses under normal living conditions. The results of the field validation tests are given in Palmes et al., 1976) . With further development, the sensitivity range of this sampling system could be extended by modifying the geometry of the sampler or by alternating the sensitivity of the analytical method. -12- aPassive samplers were prepared, filled with n 2 and capped, and stored at room temperature before exposure to ltCIIO. Average J1Cit0 concentration ± absolute standard deviation for n samplese bAverage J1Cit0 concentration : absolute standard deviation for n samples. llon-stored and stored samplers were exposed to the same atmosphere.
-lf!- For our study, the apparatus was constructed in duplicate, and the two chambers were placed in an insulated box.
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